Local burning is known to generate and propagate variation potential (VP) in plants. VP affects different physiological processes, including reducing heat-related damage to photosystem I (PSI). We investigated mechanisms of the process. Photosynthesis parameters were measured with Dual-PAM-100 and GFS-3000. VP was induced by burning the first mature leaf and then waiting 5, 10, 15, or 20 min to initiate heating of the second mature leaf. Photosystems activities in the second leaf were investigated at 15 and 135 min after heating. In the absence of VP induction, when incubation in hot water (5 min) was used for heating the intact second leaf, PSI and PSII activities decreased after incubation at both exposure temperatures (45 C and 50 C). When local burning of the first leaf induced VP propagation into the second leaf, reduced photosynthesis (PSI) was observed. Arrival of VP in the second leaf prior to hot water incubation at 50 C decreased heating-induced suppression of PSI activity when measured 15 and 135 min later. Dependence of PSI activity on the time interval (5, 10, 15, or 20 min) between VP induction and heating of the second leaf was dissimilar at 15 and 135 min. Heat-induced suppression of PSII activity in the second leaf was stimulated after VP induction. In contrast, the effect of VP on PSI and PSII damage was weak when leaf 2 was heated at 45 C. VP-induced decrease of PSI activity suppression at 15 min after heating was correlated with stimulation of PSII activity suppression, but increase of PSI activity at 135 min after heating was not related to PSII activity. Thus, our results suggest the possibility of 2 different pathways of VPinduced decrease of heat-related PSI damage.
Introduction
Variation potential (VP) in plants is a variable, long-term electrical signal that is induced by damage and propagated into undamaged areas. [1] [2] [3] VP generation is mainly connected with transitory H C -ATPase inactivation [1] [2] [3] [4] although ion channels also participate in the processes. 3 VP is propagated by the transmission of hydraulic 1, 5 or chemical 6, 7 signals. VP influences many physiological processes, 2 including gene expression, protein synthesis, phytohormone biosynthesis, respiration, and photosynthesis. In particular, VP can change resistance of photosynthetic machinery to heating. 8, 9 It has been shown that VP can increase photosystem I (PSI) resistance to high temperature; 8 simultaneously, VP contributes to heat-related photosystem II (PSII) damage. 9 These changes in photosynthetic machinery resistance to high temperature may increase whole plant resistance to temperature stress. 9 Our previous analysis showed that increased heat tolerance of PSI was caused by an electrical signal-induced photosynthetic response 8 that was mainly related to photosynthesis dark stage inactivation. 8, [10] [11] [12] [13] VP-induced response is caused by changes in intra-and extracellular pH that is concomitant with VP generation. [14] [15] [16] pH-dependent decrease of HCO 3 :CO 2 ratio, 16 changes in aquaporin permeability, 12 and (or) changes in carbonic anhydrase activity 14 are potential mechanisms by which VP influences dark stage photosynthesis.
It is unknown how VP enables the photosynthetic machinery to become more resistant to heat treatment. VP-induced increase in resistance can be potentially connected with changes in ATP:ADP ratio, 17 modifications of reactive oxygen species production, 18 and activation of cyclic electron flow.
8,13
There are several questions that, when answered, can clarify mechanisms of VP influence on photosynthetic machinery resistance: (i) what characteristics of VP influence PSI and PSII damage that occur after fast, short-time heating;
(ii) what characteristics of VP influence PSI and PSII damage that occur several hours after heating; and (iii) how are PSI damage and PSII damage related. Our previous studies 8, 9 did not address these questions because we used gradual, long-term heating (30 min) and did not investigate photosystems parameters beyond 20 min after application of heating. Thus, the objective of this study was to investigate the influence of VP on PSI and PSII Fig. 1 shows that local burning of the first mature leaf induced VP that propagated into the second leaf, resulting in inactivated photosynthesis. Maximums of changes in photosynthetic parameters were observed 5-6 min after burning; slow relaxation of A CO2 , L PSI and NPQ changes were developed subsequently. A weak second increase in NPQ occurred at 15-20 min after the VP induction stimulus. The decrease in L PSII was not relaxed during this experiment. Our results are in a good accord with our earlier data 8, 9, 13, 15 that showed that VP inactivates photosynthesis in peas.
Results and discussion
Earlier, it was shown that electrical signals changed damage to PSI and PSII after heating. 8, 9, 19 The change was connected with photosynthetic response, 8 but its properties and mechanisms were not clear. We used fast, short-time heating in hot water (5 min) and measurements of PSI and PSII activities (1-L PSI 0 and L PSII 0 , respectively) shortly after heating (15 min) and about 2 hours later (135 min) for analysis of the problem. Fig. 2 shows that heating to 40 C did not damage either photosystem; whereas, heating to 45 C and 50 C decreased activities of PSI and PSII. Therefore, we used 45 C and 50 C for further investigation. It should be noted that incubation of the second leaf in hot water (40 C, 45 C, or 50 C) did not induce VP in the pea plant (data not shown); i.e., only burninginduced VP from the first mature leaf was observed in these experiments. Fig. 3 shows that burning-induced VP did not influence the magnitudes of the decreases in PSI and PSII activities after the second leaf was heated to 45 C. The result was in a good accord with our earlier work. 8 Fig . 4A shows that burning-induced VP increased PSI activity after the second leaf was heated to 50 C. The increase was expressed differently depending upon the time interval between VP induction and the start of heating. At the 5 min interval, PSI activity at 15 min after heating was more than activity in the non-heated control and PSI tended to increase following the 20-min time interval. When measured again after 135 min, PSI activity was greater than the control at 5-and 10-min time intervals between VP induction and start of heating. There was also a tendency toward increase at the 15-min time interval, whereas differences at the 20-min time interval were absent. VP induced decrease of PSII activity when measured 15 min after heating (Fig. 4B) at the 5-and 20-min time intervals between VP induction and start of heating.
It was interesting that the maximum influence of VP on PSI activity after heating was observed at the 5-min time interval between VP induction and the start of heating, because VPinduced photosynthesis inactivation under control conditions (without heating) was highest at about 5 min after stimulation. The result is evidence for a key role of VP-induced photosynthetic response related to heat-induced PSI damage. This observation is in accord with our earlier findings. Burning-induced VP increased PSI activity and decreased PSII activity when measured at 15 and 135 min after heating. However, the observed changes were differently dependent upon the time interval between VP induction and the start of heating when measured at 15 and 135 min after incubation in hot water. The result showed that VP influence on photosystems damage during fast, short-term heating and VP influence on photosystems damage 2 hours after heating were likely induced by different mechanisms.
According to the hypothesis of Aro and co-workers, 20, 21 limitation of electron flow from PSII protects PSI against oxidative damage; therefore, an increase in PSII damage can decrease PSI damage. Taking into account efficient repair of PSII after damage and very weak repair of PSI damage, this mechanism could protect photosynthetic machinery when viewed in its entirety. 20 Our earlier data 8, 9 and present results showed that VP stimulated heat-related PSII damage heating, therefore we propose that VP-related PSII damage provided protection against heatrelated PSI damage.
Fig . 5 shows the correlation of PSI activities with PSII activities for all repetitions of the experiment. There were positive correlations between PSI and PSII activities after heating at 45 C ( Fig. 5A and B) . The result showed that the level of PSII damage did not have a positive influence on PSI activity after heating at 45 C. The positive correlation likely reflects that individual resistances among the different plants were very similar for PSI and PSII. A positive influence of VP was also absent after heating to 45 C. However, there was a strongly negative correlation between PSI and PSII activities at 15 min after heating to 50 C (Fig. 5C ). The result was in a good accord with the hypothesis of Aro and coworkers. 20, 21 Moreover, VP increased PSI activity after heating under these conditions. Thus, the result supports our hypothesis that VP-stimulated PSII damage under heating protected PSI at the higher temperature. The hypothesis also helps explain our earlier data 9 that showed that VP increased PSII damage, but protected PSI under gradual heating.
It is likely that there were different mechanisms of VP-stimulated PSII damage under heating. Earlier, we showed that PSII damage was related to VP-induced transpiration decrease and intensification of leaf heating 9 ; however, PSII damage after VP tended to increase under leaf heating to constant temperature 8 and under heating, which was not regulated by transpiration (as seen in the current results with heating by hot water). It is known 22 that strong inactivation of the Calvin cycle can be one of mechanisms causing PSII damage when plants are under stress. As a result, it was possible that VP-induced photosynthesis dark stage inactivation 8, [11] [12] [13] stimulated PSII damage under heating.
There was no correlation between PSI and PSII activities at 135 min after heating (Fig. 5D) . Therefore, it is likely that PSII inactivation is not involved in the effect of VP on PSI activity at this timing. It is known that PSI damage is practically irreversible, 20 therefore PSI repair was also an unlikely mechanism of VP-induced increase of PSI activity relative to the control at 135 min after heating. Investigation of ratio P m (in 15 min after heating) : P m (in 135 min after heating), where P m reflected the quantity of active PSI, 8, 9 showed that the ratio was 0.5-0.7 and did not significantly depend on VP (data not shown). This result suggests that PSI damage continued after heating was finished and PSI repair was absent.
Taking into account the absence of PSI repair, the increase of PSI activity could be a reflection of increased light flow to this photosystem. The increase can be caused by 'state-transition', which is a redistribution of light energy from PSII to Figure 6 . Positions of stimulation, electrical potential, and photosynthesis parameter measurements, and heating in pea plants (A), and procedure for investigating photosystem activities after heating (B). E L is the electrode connected to the leaf, E S is the electrode connected to the stem, and E R is the reference electrode. The distance between E L and E S was 3-4 cm. Burning of the tip of the first mature the leaf (with a flame for 3-4 s over an area of about 1 cm 2 ) was used as the external stimulus inducing VP. 8, 9 Both leaflets of the second leaf (area marked by the dotted line) were heated in hot water at different times after VP induction. PSI and PSII activities after heating have been indicated using 1-L PSI 0 and L PSII 0 .
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Finally, our results show that at least 2 pathways are possibly responsible for the effects of VP on PSI damage after heating. The positive influence of VP on PSI activity during heating and soon after is probably connected with VP-induced stimulation of PSII damage after heating. The following chain of events could be occurring: local burning ! VP propagation ! photosynthesis inactivation, including dark stage suppression ! increase of PSII damage under heating ! decrease of PSI damage under heating. The positive influence of VP on PSI activity at 135 min after heating likely has another mechanism that is possibly related to an increase of light flow to PSI.
Conclusion
We conclude that local burning-induced VP had a positive influence on PSI activity in the second mature leaf after it was heated to 50 C in hot water, but the effect was absent at 45 C. The positive influence of VP on PSI activity at 15 min and 135 min after heating is probably facilitated by 2 different mechanisms or pathways. VP-induced increase of PSI activity at 15 min after heating is likely related to VP-induced stimulation of PSII damage after heating. VP-induced increase of PSI activity at 135 min after heating may be related to increase of light flow to PSI.
Materials and methods
Experimental plants were 14-21-d-old pea (Pisum sativum L.) seedlings that were grown hydroponically in a Binder KBW 240 plant growth chamber (Binder GmbH, Tuttlingen, Germany) at 24 C under a 16/8-h light/dark photoperiod. Electrical signals were induced by burning~1 cm 2 of the tip of the first mature leaf (a stimulated leaf) over a flame for 3-4 s, a standard damaging stimulus, 8, 9 after about 1.5 h of preconditioning. Measurements of surface electrical potential were described in earlier studies. 8, 9 Ag/AgCl electrodes (RUE Gomel Measuring instrument, Gomel Plant of Measuring Equipment, Gomel, Belarus), a high-impedance amplifier IPL-113 (Semico, Novosibirsk, Russia), and a PC were used. Measurement electrodes contacted the stem (E S ) and center of a non-stimulated leaf (E L ), and the reference electrode placed in standard solution (1 mM KCl, 0.5 mM CaCl 2 , and 0.1 mM NaCl) surrounding the roots (Fig. 6A) .
Photosynthetic parameters were measured in the second mature leaf (non-stimulated leaf) using a system for photosynthetic analysis (Heinz Walz GmbH, Effeltrich, Germany) including a gas exchange measuring system (GFS-3000), a measuring system for simultaneous assessment of P700 oxidation and chlorophyll fluorescence (Dual-PAM-100), and a measuring head (Cuvette 3010-Dual). Saturation pulses of light (10000 mmol m ¡2 s ¡1 , red light, 630 nm) were used for registration of photosystem parameters. Initial parameters of PSII fluorescence -dark fluorescence yield (F 0 ) and maximal fluorescence yield (F m ) -were measured after dark adaptation. The maximal change of the P700 signal (P m ), reflecting maximal P700 oxidation, and P700 signal after far red light (P FR ) were measured after preliminary illumination by far red light for 10 s. Steady-state fluorescence yield in light (F), maximal fluorescence yield in light (F m 0 ), steady-state P700 signal (P), and maximal change in the P700 signal in light (P m 0 ) were measured using saturation pulses generated every 10 s. Effective quantum yields of PSI ÃÃÃÃ23 and PSII ÃÃÃÃ24 and non-photochemical quenching of fluorescence ÃÃÃÃ , 24, 25 were calculated after every saturation pulse. The CO 2 assimilation rate (A CO2 , mmol CO 2 m ¡2 s ¡1 ) was measured using the GFS-3000 and its associated software. Parameters were calculated in accordance with von Caemmerer and Farquahar. 26 Initial external CO 2 concentration was 360 ppm, photosynthetically active radiation at about 108 mmol m ¡2 s ¡1 (blue light, 460 nm), and relative air humidity approximately 65%.
According to several published reports, 19, 27 leaf heating in hot water can be used for fast damage of photosystems. We used this method in our experiments, the schema of which is shown in Fig. 6B . Incubation of the second leaf in hot water (5 min, at different temperatures) under white light of about 100 mmol m ¡2 s ¡1 was used for heating. PSI quantum yield after 10-s illumination by far red light ÃÃÃÃ23 and PSII maximum quantum yield ÃÃÃÃ24 were measured at 15 min and 135 min after heating. 1-L PSI 0 reflected PSI activity because it showed relative velocity of photosystem I oxidizing under light; L PSII 0 reflected PSII activity.
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